Bacilysin is hydrolysed to L-alanine and anticapsin by suspensions of a bacilysinsensitive strain of Staphylococcus aureus but not by those of a resistant strain derived from it. In contrast, it is hydrolysed by extracts of both strains. Anticapsin is a powerful inhibitor of glucosamine synthetase in extracts of both the bacilysin-sensitive and -resistant strains of Staph. aureus. Bacilysin, by comparison, is a relatively poor inhibitor of glucosamine synthetase in crude extracts when its hydrolysis is inhibited by EDTA. A phenylalanine auxotroph of Staph. aureus readily uses L-alanyl-L-phenylalanine for growth, but a bacilysin-resistant mutant of this strain does not. It is suggested that the antibacterial activity of bacilysin depends on its transport into the organism, its hydrolysis to anticapsin and on inhibition by the latter of glucosamine synthetase, and that bacilysin-resistant mutants are defective in a transport system.
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I N T R O D U C T I O N
Bacilysin is active against a wide range of bacteria whereas its C-terminal amino acid, anticapsin, has relatively little antibacterial activity (Kenig & Abraham, 1976; Shah et a/., 1970; Rogers, Lomakina & Abraham, 1965; Walker & Abraham, 1970) . Whitney & Funderburk (1970) showed that anticapsin was an inhibitor of L-glutamine: D-fructose 6-phosphate amidotransferase (glucosamine synthetase, EC. 2.6. I -16) in extracts of Streptococcus pyogenes and Escherichia coli. They also found that inhibition of the synthesis of the hyaluronic acid capsule of Strep. pyogenes by anticapsin was reversed by glutamine. Kenig & Abraham ( I 976) reported that glucosamine, N-acetylglucosamine and also a wide range of dipeptides were inhibitors of the action of bacilysin against Staphylococcus aureus and E. coli.
Staphylococcus aureus NCTC657 I produces colonies highly resistant to bacilysin (Abraham & Florey, 1949) . Similar behaviour was observed when bacilysin was tested against Salmonella typhi and Candida albicans and the question was raised whether the resistant mutants were defective in a bacilysin transport system (Kenig & Abraham, 1976) .
The experiments described in this paper were intended to provide the reason for the difference in activity between bacilysin and anticapsin and to throw further light on the factors responsible for bacilysin resistance.
METHODS
Organisms. Staphylococcus aureus ~c~C 6 5 -7 I (Oxford strain), a bacilysin-resistant strain of Staph. aureus NCTc6571, Escherichia coli B and Candida albicans NCYC597 were as described by Kenig & Abraham (1976 Media. Brain-heart infusion medium contained 37 g brain-heart infusion (Oxoid)/l distilled water. Kloos agar was similar to the amino acid medium (S. agar) described by Kloos & Pattee (1965) except that it contained no phenylalanine.
Reagents. L-Glutamine, D-glucosamine hydrochloride, and EDTA were obtained from BDH, and D-fructose 6-phosphate disodium salt was from Koch-Light. The samples of bacilysin and anticapsin used were those described by Kenig & Abraham (1976) .
Preparation of extracts of Staph. aureus. Shake-flask cultures of Staph. aureus were prepared in brain-heart infusion medium at 37 "C and harvested near the end of exponential growth, when the extinction of the culture, read with a Spekker absorptiometer (neutralgrey filter, H508, light path 1.5 cm), reached 10. The bacteria (about 13 g wet wt) were separated by centrifuging at 2700 g for 30 min, washed twice with 0.8 % NaCI, resuspended in 20 ml o-8 % NaCl and stored at -20 "C. The staphylococci were disrupted in an X-Press (AB. Biox, Nacka, Sweden). The frozen suspension (20 ml) was passed through the press five times, the whole apparatus being submerged for 20 min in ethanol at -25 "C before each pressing. The disrupted suspension was thawed at 4 "C and centrifuged (2700g, 30 min). The supernatant fluid was removed, the debris washed with 15 ml o-8 % NaCl in the centrifuge, and the two supernatant solutions combined. The resulting extract (about 30 ml) was used as a crude preparation of glucosamine synthetase.
Assay of glucosamine synthetase. Enzyme activities were measured by the method of Ghosh et af. (1960) , with two modifications: I ml of acetic anhydride in acetone (I %, vfv) was used instead of 0-1 ml aqueous acetic anhydride (5 %, v/v), and dipotassium tetraborate solution (0.8 M, pH 9) instead of sodium borate solution (0.8 M, pH 9). Each reaction mixture normally contained, in a final volume of 2 ml: 8.56 mM D-fructose 6-phosphate disodium salt, I 2 mM L-glutamine, 16.7 mM-Sorensen's phosphate buffer pH 6-64, and glucosamine synthetase (usually 0.4 ml of the crude enzyme preparation). Some mixtures also contained EDTA and/or bacilysin or anticapsin, in varying concentrations, as described in the text. After 30 min at 37 "C, the mixture was heated in a boiling water bath for 2 min, cooled, and 0.4 ml withdrawn and assayed for glucosamine 6-phosphate. In each experiment, two control samples, one without enzyme and one without substrates, were assayed in the same way. The extinction reading for the control without substrates, or (with high fructose 6-phosphate concentrations) the sum of the readings for the two controls, was subtracted from the readings obtained for samples of the complete reaction mixtures. Solutions of glucosamineHCl(o-I to 1-0 mM) were assayed simultaneously, to obtain a standard line from the plot of extinction against concentration of glucosamine. Assay of bacilysin in extracts of Staph. aureus. The bacilysin present in reaction mixtures was assayed by the hole-plate method; the test organism was E. cofi B, grown on minimal agar (Kenig & Abraham, 1976) . The plates were inoculated with approximately 3 x 1 0 5 E . cofi B cellslml agar. Anticapsin showed no activity in this assay at the concentration used.
Immediately after the addition of the extract of Staph. aureus to the reaction mixtures, samples were withdrawn and diluted five times in distilled water before bacilysin assay, the whole process being carried out at 4 "C. After incubation of the reaction mixtures for 30 min at 37 "C, samples were again assayed. The assay plates were kept at 4 "C for about 6 h, before overnight incubation at 37 "C. Bacilysin to which no extract had been added was assayed similarly and the inhibition zones compared with those produced by the reaction mixtures.
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Jn these assays there was no difference between the zone sizes obtained with samples of the zero-time reaction mixtures and those of the controls containing no bacterial extract. It thus appeared that no enzymic inactivation of bacilysin occurred during the assay itself.
Electrophoresis. The products of the incubation of bacilysin with the dialysed extract from Staph. aureus ~C T C 6 5 7 1 were examined by electrophoresis on Whatman No. I paper at 7 0 V cm-I in an apparatus similar to that of Katz, Dreyer & Anfinsen (1959) in a mixture of 20 % (v/v) acetic acid and 2 % (v/v) formic acid, pH 1.8. Bacilysin, anticapsin, L-alanine and cell-free extract were run simultaneously and spots were visualized by a cadmium-ninhydrin dip.
To identify compounds containing an epoxide group, a sample of the reaction mixture was subjected to electrophoresis for 50 min, the paper dried and a strip cut out to include all the components of the mixture revealed as ninhydrin positive on an adjacent control strip. The first strip was sprayed with 2 % (w/v) sodium thiosulphate, dried, and sewn along the origin of a fresh sheet of paper. After further electrophoresis for 20 min the paper was developed in cadmium-ninhydrin. The components of the reaction mixture formed a diagonal except for those which had reacted with the thiosulphate.
Bioautography. After electrophoresis of the mixture of bacilysin and an extract of Staph. aureus and of bacilysin and anticapsin, at pH 1.8, the dried paper was placed on minimal agar seeded with C. albicans NCYC597. After 30 min the paper was removed and the plate incubated at 28 "C for 48 h. Both bacilysin and anticapsin are active against C. albicans grown in minimal agar (Kenig & Abraham, 1976) .
Inactivation of bacilysin by Staph. aureus. Bacilysin was added to cultures of Staph. aureus in nutrient broth containing glucosamine, as described by Kenig & Abraham (1976) . Samples removed at intervals were centrifuged, and the concentration of bacilysin in the supernatants determined by hole-plate assays (Kenig & Abraham, I 976) .
In other experiments, bacilysin was mixed at 25 "C with suspensions of staphylococci prepared from 16 h resting-phase cultures by the addition of an equal volume of 0.9 % NaCl to harvested and washed bacteria. The concentration of bacilysin was determined at intervals by hole-plate assays.
RESULTS
Hydrolysis of bacilysin by sensitive and resistant strains of Staph. aureus Inactivation in growing cultures and bacterial suspensions, Addition of bacilysin to a growing culture of Staph. aureus ~C T C 6 5 7 1 , together with glucosamine to inhibit its effect on bacterial growth (Kenig & Abraham, 1976) , resulted in a fall in bacilysin activity to virtually zero in 8 h (Fig. I) . In contrast, bacilysin lost no significant activity after addition to a bacilysin-resistant strain of Staph. aureus (derived from N c~C 6 5 7 1 ) under similar conditions. Comparable results were obtained when bacilysin (final concentration 96 PM) was mixed with suspensions of bacilysin-sensitive and bacilysin-resistant staphylococci. With Staph. aureus N C T C~~ I , no detectable bacilysin activity remained after 4 h and anticapsin appeared in the suspension fluid, whereas with the resistant strain more than 80 % remained after 7 h.
The inactivation of bacilysin appeared to be caused by a cell-bound enzyme. No loss of activity was observed when the antibiotic was added to a bacteria-free supernatant from a culture of Staph. aureus N C~c 6 5 7 1 .
Hydrolysis in bacteria2 extracts. When bacilysin (final concentration 590 ,!AM) was added to a dialysed extract of disrupted Staph. aureus NCTC657I (PH 6-64] kept at 37 "C, hydrolysis of the antibiotic was complete within an hour. After electrophoresis no ninhydrin-positive spot was visible in the position corresponding to bacilysin, but there were two major spots in the positions of alanine and anticapsin respectively. Hydrolysis of bacilysin was not inhibited by L-alanyl-L-phenylalanine in a molar concentration 20 times that of the antibiotic.
The results of two further experiments confirmed that anticapsin was a product of hydrolysis. In the first, anticapsin was detected after electrophoresis by bioautography with C. albicans as the test organism. In the second, the paper was sprayed after electrophoresis with sodium thiosulphate. The reaction with the epoxide group of anticapsin resulted in the introduction of a strongly acidic S-sulphonic acid group into the molecule and the formation of a compound with virtually no net charge at pH 1.8 (cf. Rogers et al., 1965):
On subsequent electrophoresis in a perpendicular direction alanine again migrated, as expected, towards the cathode, but the compound formed from anticapsin remained at the origin.
To compare the rate of hydrolysis of bacilysin to anticapsin and alanine by an extract of the resistant strain with that by an extract of the sensitive strain, diluted extracts from similar weights of bacteria were incubated with bacilysin in shake-flasks and samples withdrawn at 15 min intervals. The samples were assayed with Staph. aureus N C~C 6 5 7 1 , against which anticapsin is inactive. There was no significant difference in the rates of hydrolysis by the two strains. No significant loss of activity occurred in a solution of bacilysin incubated without extract.
Inhibition ofhydroZysis by EDTA. After incubation of bacilysin (590 ,!AM) for I h at 37 "C with an extract, containing EDTA (I mg ml-l), of either Staph. aureus NCTC6571 or of a bacilysin-resistant strain, insignificant hydrolysis of the antibiotic was found. In portions of the same extracts without added EDTA, hydrolysis was complete.
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Inhibition of glucosamine formation in extracts of bacilysin-sensitive and bacilysin-resistant strains of Staph. aureus Properties of crude glucosamine synthetase. The initial glucosamine synthetase activities of four preparations of crude enzyme solution from Staph. aureus NCTC657I varied from 0.14 to 0.5 I units/ml (the unit being pmol glucosamine formed/min), with excess glutamine and fructose 6-phosphate, at pH 6-64. Extracts stored at 4 "C lost 50 % of their initial activity in 3 days, but only a further 7 % in the next 4 days.
The pH-activity curve for the enzyme showed a maximum at pH 6-9. Under the conditions of assay the amount of glucosamine formed increased linearly with time during the first 20 min. In the presence of 60 mwglutamine the rate of glucosamine synthesis increased as the concentration of fructose 6-phosphate was raised from 1-25 to 20 mM. Lineweaver-Burk plots gave values of K , which varied from 5.7 to 14.9 mM for fructose 6-phosphate with the four different extracts.
Inhibition by bacilysin and anticapsin. Under the conditions of assay used, bacilysin and anticapsin appeared to show similar activity as inhibitors of glucosamine synthetase in the crude extract of Staph. aureus. The amount of glucosamine 6-phosphate formed after 30 min at 37 "C was reduced by approximately 50 % when either substance was present at a concentration of 12.5 p~. Since bacilysin was rapidly hydrolysed to anticapsin by the crude extract, EDTA was added to prevent hydrolysis and hence to show whether the dipeptide itself was an inhibitor. When EDTA (final concentration IOO pg ml-l) was added to the reaction mixtures there was no significant change in the inhibition of glucosamine formation by anticapsin (about 50 %), whereas the inhibition by bacilysin fell to less than 20 %. Inhibition caused by bacilysin (10 p~) decreased from 60 % to about 10 % as the concentration of EDTA was raised from o to 7-5 pg ml-l, whereas the inhibition by anticapsin (10 ,UM) was unaltered. EDTA alone had no effect on glucosamine synthetase activity.
In the absence of EDTA (Fig. 2 ) there was virtually complete hydrolysis of bacilysin and the inhibition of glucosamine synthetase by bacilysin was maximal (62 %). At EDTA concentrations of 7.5 pg ml-l and above, inhibition decreased to a relatively low value and most of the bacilysin remained unchanged. A control experiment, in which no bacterial extract was used, indicated that the inactivation of bacilysin (16 %) in the presence of high concentrations of EDTA (Fig. 2) was due mainly to non-enzymic reactions. Efect of substrate concentration. The inhibitory action of 25 pM-anticapsin on the synthesis of glucosamine by the crude extract decreased as the concentration of the glutamine substrate was raised (Fig. 3) . In contrast, inhibition was unaffected by an increase in the concentration of fructose 6-phosphate. A plot of the data shown in Fig. 3 Inhibition of enzyme from baciiysin-sensitive and bacilysin-resistant strains of Staph. aureus. Figure 4 shows the effect of increasing concentrations of anticapsin on the amount of glucosamine formed in extracts of Staph. aureus ~C'rC657 I and the bacilysin-resistant strain. There appeared to be no significant difference in the inhibition of glucosamine synthetase from these two strains. but bacilysin (3-7 p~) gave a much larger zone of inhibition when assayed against this organism on the medium containing phenylalanine (diameter 32 mm) than on that containing the dipeptide (diameter 16 mm).
Mode of action of bacilysin and anticapsin
When phenylalanine and L-alanyl-L-phenylalanine were tested by the hole-plate method on Kloos agar lacking phenylalanine and seeded with Staph. aureus P S~O (Phe-), the holes were surrounded by zones of growth. Equimolar solutions of the amino acid and the dipeptide produced zones of similar diameter (Table I) . Zones of growth of comparable size were also produced by phenylalanine with a bacilysin-resistant strain of Staph. aureus derived from PSSO (Phe-), but L-alanyl-L-phenylalanine produced much smaller zones of growth, or none (Table I .)
DISCUSSION
The findings that anticapsin, the C-terminal amino acid of bacilysin, inhibited glucosamine synthetase from Strep. pyogenes and E. coli (Whitney & Funderburk, 1970) and that glucosamine and N-acetylglucosamine were powerful inhibitors of the antibacterial action of bacilysin (Kenig & Abraham, I 976) suggested that a failure of bacterial wall synthesis due to inhibition of glucosamine formation was responsible for the ability of bacilysin to cause lysis of growing staphylococci. The inactivation of bacilysin by a growing culture of Staph. aureus in the presence of glucosamine indicated that the latter did not inhibit transport of the antibiotic through the bacterial membrane.
The glucosamine synthetase in crude extracts of Staph. aureus showed a pH optimum (6.9) similar to that reported for the enzyme from Neurospora crassa (6-7), though lower 52 than that (7-9) for the enzyme from E. coli (Ghosh et al., 1960) . Its Michaelis constant for fructose 6-phosphate appeared to be somewhat higher than that of the E. coZi enzyme ( 2 m M ; Ghosh et al., 1960) , but both enzymes were inhibited by anticapsin. The interpretation of the finding that bacilysin showed an activity similar to that of anticapsin as an inhibitor of glucosamine synthetase in crude extracts of Staph. aureus was complicated by the presence in these extracts of peptidases which hydrolysed bacilysin to anticapsin and L-alanine. The peptidase mainly responsible for the hydrolysis appeared to be metal ion-dependent and to resemble, in this respect and in being intracellular, peptidases of E. coli (Simmonds & Toye, 1966; Simmonds, 1970; Sussman & Gilvarg, 1970; Payne, 1972 ; Brown, I 973) . In extracts containing EDTA, bacilysin remained largely unchanged, and under these conditions there was little inhibitory action on glucosamine synthetase. It could thus be concluded that the inhibition of the enzyme in the presence of bacilysin was due largely to the anticapsin formed from the hydrolysis of bacilysin. However, no indication was obtained that inhibition of bacilysin hydrolysis by other dipeptides was responsible for the inhibitory action of the latter on bacilysin activity (Kenig & Abraham, 1976) .
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Further experiments are required to determine whether anticapsin and glutamine compete at the same site in glucosamine synthetase and whether the reactive epoxide group in anticapsin can become involved in the formation of a covalent bond with the enzyme. Bates & Handschumacher (I 969) reported that 6-diazo-~-oxonorleucine (DON) irreversibly inactivated glucosamine synthetase from rat liver by alkylation of an active site residue, but that the enzyme could be protected from inactivation by either glutamine or uridine diphospho-N-acetylglucosamine (UDPAG). They proposed that glutamine competes with DON for a-amino and a-carboxyl binding sites, whereas UDPAG binds at a different site and produces a conformational change which prevents alkylation of the enzyme by DON. The epoxide-containing antibiotic phosphonomycin [(-)cis-I ,2-epoxypropylphosphonic acid] has been shown to bind covalently to pyruvate-uridine diphospho-N-acetylglucosamine transferase by reaction of its epoxide group with the thiol group of a cysteine residue (Hendlin el al., 1969; Strominger, 1969) .
The observation that anticapsin is a much more powerful inhibitor of glucosamine synthetase than is intact bacilysin, but shows much poorer antibacterial activity, may be Mode of action of bacilysin and anticapsin 53 accounted for by differences in the transport of these two substances through the bacterial membrane. Similar suggestions have been made to account for the finding that the Nterminal amino acids of the antibiotics, phosphinothricyl-L-alanyl-L-alanine (Bayer et al., 1972) and ~-(N~-phosphono)methionine-S-sulphoximinyl-~-alanyl-~-alanine (Pruess et al., 1973) show much poorer antibacterial activity than the tripeptides, although both amino acids are effective inhibitors of glutamine synthetase.
The bacilysin-resistant strain of Staph. aureus derived from Nc~C6571 produced a glucosamine synthetase which was as sensitive to inhibition by anticapsin as was the synthetase from the parent strain, and extracts of the resistant strain hydrolysed bacilysin to L-alanine and anticapsin as readily as those of the parent strain. Hence, resistance did not appear to be due to mutations in genes coding for these enzymes. On the other hand, the failure of suspensions of intact bacilysin-resistant staphylococci to inactivate the antibiotic, unlike those of the sensitive strain, suggested that resistance was due to mutation in a gene, or genes, coding for proteins involved in a transport system. This view is consistent with the fact that a bacilysin-resistant strain of Staph. aureus derived from strain P S~O (Phe-) utilized L-alanyl-L-phenylalanine for growth much less readily than the parent bacilysin-sensitive strain.
Chmara & Borowski (rg73a, b) suggested that the antibiotic tetaine, which is probably identical with bacilysin (Kaminski & Sokolowska, I973), inhibited murein synthesis in E. coli ~1 2
and Staph. aureus and that the inhibition was due to interference with the synthesis of murein precursors at the level of incorporation of L-alanine into UDP-N-acetyl-muramic acid. Some of their results also appear to be consistent with the hypothesis that tetaine, like bacilysin, is hydrolysed by an intracellular peptidase to anticapsin and that the latter interferes with the formation of murein at the level of glucosamine synthesis. However, the work described here does not exclude the possibility that bacterial enzymes other than glucosamine synthetase are inhibited by anticapsin or bacilysin.
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